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The utilization of carbon dioxide (CO~2~) as an inexpensive and renewable C~1~ feedstock[1](#anie201509249-bib-0001){ref-type="ref"} is of strategic importance for decreasing our dependence on petroleum‐derived raw materials.[2](#anie201509249-bib-0002){ref-type="ref"} The direct build‐up of polymers, at least partially from CO~2~, is a particularly interesting approach.[3](#anie201509249-bib-0003){ref-type="ref"} In this context, the catalytic copolymerization of CO~2~ and epoxides to form polycarbonates has proved promising.[4](#anie201509249-bib-0004){ref-type="ref"} Aliphatic polycarbonates have high transparency[5](#anie201509249-bib-0005){ref-type="ref"} and, thus, a high potential for coating applications. Alternating polycarbonates are amorphous with a glass transition temperature (*T* ~g~) of 25 to 45 °C.[6](#anie201509249-bib-0006){ref-type="ref"} Good resistance to both oxygen and water make them auspicious barrier materials.[7](#anie201509249-bib-0007){ref-type="ref"} The terminal hydroxy groups play a role in their excellent adhesive properties.[7](#anie201509249-bib-0007){ref-type="ref"} The high reactivity of these hydroxy groups makes non‐alternating poly(ether carbonate polyol)s, which are characterized by a lower *T* ~g~ value of −40 to −60 °C, promising intermediates for the production of polyurethanes.[8](#anie201509249-bib-0008){ref-type="ref"} This novel utilization of CO~2~ exemplifies the industrial potential of the reaction.[9](#anie201509249-bib-0009){ref-type="ref"}

Motivated by the remarkable combination of properties and the goal of finding new materials for the future, the focus of this study is the synthesis and application of tailored polyunsaturated poly(ether carbonate)s, obtained by multicomponent polymerization of CO~2~ and propylene oxide (PO) with suitable co‐monomers (Scheme [1](#anie201509249-fig-5001){ref-type="fig"}). Maleic anhydride (MA) and allyl glycidyl ether (AGE) were used as co‐monomers to incorporate double bonds with electron‐acceptor and electron‐donor properties, respectively, into the poly(ether carbonate) backbone. The concurrent presence of such moieties in the prepolymers ought to facilitate UV‐[10](#anie201509249-bib-0010){ref-type="ref"} or redox‐initiated[11](#anie201509249-bib-0011){ref-type="ref"} cross‐linking of the poly(ether carbonate) chains into robust materials.

![Polyunsaturated poly(ether carbonate)s obtained by multicomponent polymerization are characterized by distinct functional groups.](ANIE-55-5591-g006){#anie201509249-fig-5001}

A double metal cyanide (DMC) based on zinc hexacyanocobaltate was used as the polymerization catalyst.[12](#anie201509249-bib-0012){ref-type="ref"} DMC catalysts[13](#anie201509249-bib-0013){ref-type="ref"} are known to be active for the homopolymerization of epoxides[14](#anie201509249-bib-0014){ref-type="ref"} as well as for the copolymerization of CO~2~ with epoxides[13a](#anie201509249-bib-0013a){ref-type="ref"}, [15](#anie201509249-bib-0015){ref-type="ref"} and other co‐monomers, such as cyclic anhydrides[16](#anie201509249-bib-0016){ref-type="ref"} and lactones.[17](#anie201509249-bib-0017){ref-type="ref"} The catalytically active metal centers are tetrahedral Zn atoms with nearby Cl atoms, as shown by extended X‐ray absorption fine‐structure analysis.[18](#anie201509249-bib-0018){ref-type="ref"} The propensity of DMC catalysts to copolymerize various substrates inspired us to incorporate functional co‐monomers (MA and AGE) into a multicomponent polymerization. The molecular weight of the polyunsaturated poly(ether carbonate)s was controlled by using a bifunctional α,ω‐dihydroxypolypropylene oxide as chain‐transfer reagent.[19](#anie201509249-bib-0019){ref-type="ref"} Since the copolymerization reaction is highly exothermal, monomer mixtures of MA/PO and/or AGE/PO were added in semibatch operation over an extended period of time, thereby maintaining a low concentration of epoxide in the reaction mixture. Simultaneously, the reaction mixture was cooled to remove the heat generated during the chemical reaction. The pressure in the reactor was kept constant by replacing the CO~2~ consumed during the reaction.

The architecture of the polyunsaturated poly(ether carbonate)s was tailored by adjusting the sequence of monomer addition. A sequential addition procedure, whereby the addition of MA/PO to the reaction mixture was followed by the addition of AGE/PO, provided the polyunsaturated poly(ether carbonate)s **3** with an ABXBA multiblock structure (Figure [1](#anie201509249-fig-0001){ref-type="fig"}). In a series of experiments, the loading of MA and AGE was varied systematically to obtain polyunsaturated poly(ether carbonate)s **3 a**--**c** with 3, 6, and 12 mol % double bonds (Table [1](#anie201509249-tbl-0001){ref-type="table-wrap"}). The ratio of electron‐acceptor to electron‐donor moieties was fixed at 1:1. As a consequence of the immortal nature of DMC‐catalyzed polymerization reactions,[15b](#anie201509249-bib-0015b){ref-type="ref"}, [16a](#anie201509249-bib-0016a){ref-type="ref"}, [17a](#anie201509249-bib-0017a){ref-type="ref"}, [20](#anie201509249-bib-0020){ref-type="ref"} we anticipated that all the chain ends grow at approximately the same rate, and that a random incorporation of the co‐monomers takes place (see below).

![Preparation of polyunsaturated poly(ether carbonate)s **3 a**--**c** with an ABXBA multiblock structure by sequential addition of the co‐monomers.](ANIE-55-5591-g001){#anie201509249-fig-0001}

###### 

Chemical composition and molecular weight of polyunsaturated poly(ether carbonate)s **3 a**--**c** and **4**.^\[a\]^

  Sample    *S~Polymer~* ^\[b,c\]^   CO~2~ content^\[c,e\]^   Composition \[mol %\]   *M* ~n~ ^\[f\]^   PDI^\[f\]^
  --------- ------------------------ ------------------------ ----------------------- ----------------- ------------
  **3 a**   98.2                     19.1                     31.8/1.6/1.4/65.2       4.7               1.3
  (23.7)    (42.4/2.1/1.9/53.6)                                                                         
  **3 b**   98.3                     15.9                     26.1/3.3/2.8/67.8       4.5               1.8
  (19.8)    (34.8/4.4/3.7/57.1)                                                                         
  **3 c**   99.1                     13.1                     21.8/5.9/5.9/66.4       4.0               1.3
  (16.3)    (29.1/7.9/7.9/55.2)                                                                         
  **4**     99.3                     14.3                     24.2/6.0/5.9/63.9       4.1               1.5
  (17.8)    (32.3/8.0/7.9/51.9)                                                                         

\[a\] Reaction conditions: neat, 100 °C, *p*(CO~2~)=15 bar, 200 ppm DMC catalyst. \[b\] *S~Polymer~*: Selectivity to polyunsaturated poly(ether carbonate) in weight percent; the only by‐product were traces of cyclic propylene carbonate. \[c\] Determined by ^1^H NMR spectroscopy. \[d\] *m*=carbonate moiety, *n*=maleic ester moiety, *o*=allylether moiety, *p*=ether moiety. \[e\] Values in brackets refer to newly formed polymer segments. \[f\] Determined by gel‐permeation chromatography.
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Alternatively, the two monomer mixtures (MA/PO and AGE/PO) were added simultaneously to the reaction mixture to give polyunsaturated poly(ether carbonate)s **4** with an AXA triblock structure (Figure [2](#anie201509249-fig-0002){ref-type="fig"}). A similar reactivity of the co‐monomers MA and AGE relative to that of PO[21](#anie201509249-bib-0021){ref-type="ref"} results in an even distribution of the monomers bearing double bonds along the polymer backbone of the newly formed polymer blocks. In the semibatch procedure employed in this study, the slow addition of the monomer mixture(s) led to a small steady‐state concentration of unreacted monomers. Consequently, the composition of the forming polyunsaturated poly(ether carbonate) block are expected to be similar to the composition of the monomer mixture fed into the reactor, irrespective of the actual copolymerization parameters.[22](#anie201509249-bib-0022){ref-type="ref"} Accordingly, the copolymer blocks ought to have compositions close to the ideal of an aceotropic polymerization reaction. The co‐monomer CO~2~ can be neglected in this analysis, as it was resupplied to keep the pressure constant. Incorporation of CO~2~ or MA at the chain end results in the formation of a terminal carbonate or carboxylate group. Consequently, the subsequent monomer has to be an epoxide since homopolymerization of acid anhydrides is not possible under our reaction conditions.

![Preparation of polyunsaturated poly(ether carbonate) **4** with an AXA triblock structure by simultaneous addition of the co‐monomers.](ANIE-55-5591-g002){#anie201509249-fig-0002}

Analysis of the product mixture by ^1^H NMR spectroscopy confirmed that the monomers PO, MA, and AGE had been fully converted (\>99 %). The resulting polyunsaturated poly(ether carbonate)s **3 a**--**c** with an ABXBA block structure and **4** with an AXA block structure were obtained with excellent selectivity (98.2--99.3 %). At a pressure as low as 15 bar, the content of CO~2~ incorporated into the polyunsaturated poly(ether carbonate)s **3 a**--**c** and **4** was 14.3--19.1 wt %. This corresponds to a CO~2~ content in the newly formed polymer blocks of 16.3--23.7 wt %. Thus, approximately every third repetition unit along the polymer chain was a carbonate moiety. Such a CO~2~ content is an optimum compromise between the flexibility of the polymer chain, and accordingly a low glass transition temperature (see below), and enhanced sustainability. In all cases, the polyunsaturated poly(ether carbonate)s were obtained with the anticipated molecular weight (*M* ~n~=4.0--4.7 kg mol^−1^) and narrow molecular weight distribution (polydispersity index (PDI)=1.3--1.8). No cross‐linking of double bonds was observed at this stage, thereby indicating that the maleate and allyl functionalities are stable under our reaction conditions.

The ^1^H NMR spectrum of polyunsaturated poly(ether carbonate) **3 c** (see Figure S2[23](#anie201509249-bib-0023){ref-type="ref"}) is representative of the series of polyunsaturated poly(ether carbonate)s. Closer inspection revealed a multiplet centered at *δ*=6.3 ppm, which is characteristic of the methine protons of the maleate moieties in the polymer backbone. Signals at *δ*=5.2 and 5.9 ppm are characteristic of the methylene and methine groups of the allyl moieties. The relative ratio of the maleate and allyl groups was confirmed to be close to unity. The absence of a signal at *δ*=6.8 ppm corresponding to the fumarate groups demonstrates that the incorporated MA did not isomerize to the corresponding *trans* isomer. Thus, the chemical composition of polyunsaturated poly(ether carbonate)s **3 a**--**c** and **4** was as anticipated (Table [1](#anie201509249-tbl-0001){ref-type="table-wrap"}). To the best of our knowledge, this is the first study in which a DMC catalyst was successfully employed in the multicomponent polymerization of four co‐monomers.

To confirm the ABXBA multiblock structure of polyunsaturated poly(ether carbonate)s **3**, the polymerization reaction was performed stepwise. Commencing with the starter mixture (i), the PO/MA mixture was added in two portions to the reaction mixture (ii/iii) followed by the addition of two portions of the PO/AGE mixture (iv/v).[23](#anie201509249-bib-0023){ref-type="ref"} After completion of each monomer addition step, a sample of the reaction mixture containing polyunsaturated poly(ether carbonate) **3 c′′** was collected. In all cases, ^1^H NMR spectroscopic analysis of the mixtures showed that polyunsaturated poly(ether carbonate) **3 c′′** was obtained with full conversion of the monomers and in high selectivity (\>99 %). Detailed inspection of the ^1^H NMR spectra revealed that the multiplet centered at *δ*=6.3 ppm and characteristic of the methine protons of the maleate moieties in the polymer backbone appeared after the first addition of PO/MA and its intensity increased upon the second addition of a PO/MA mixture (Figure [3](#anie201509249-fig-0003){ref-type="fig"} a, ii,iii). The multiplet centered at *δ*=5.9 ppm characteristic of the methine protons of the allyl moieties in the polymer backbone was observed after the first addition of PO/AGE and increased in intensity upon the second addition of PO/AGE, while the relative intensity of the maleate moieties (*δ*=6.3 ppm) remained unchanged (Figure [3](#anie201509249-fig-0003){ref-type="fig"} a, iv,v). These findings are fully consistent with the ABXBA multiblock structure of the polyunsaturated poly(ether carbonate) **3 c′′** and statistic incorporation of maleate and allyl moieties along with ether and ether carbonate moieties in distinct blocks B and A, respectively.

![Selected region of the ^1^H NMR spectra of samples of a) polyunsaturated poly(ether carbonate) **3 a′′** with ABXBA multiblock structures obtained by sequential addition of the co‐monomers (left); i) starter mixture, ii/iii) after stepwise addition of PO/MA, iv/v) after stepwise addition of PO/AGE; b) polyunsaturated poly(ether carbonate) **4′** with an AXA triblock structure obtained by simultaneous addition of the co‐monomers (right); i) starter mixture, ii--v) after stepwise addition of PO/MA and PO/AGE. For the full spectra see the Supporting Information.[23](#anie201509249-bib-0023){ref-type="ref"}](ANIE-55-5591-g003){#anie201509249-fig-0003}

To verify the AXA triblock structure of polyunsaturated poly(ether carbonate)s **4**, an analogous experiment was performed in which the PO/MA and the PO/AGE mixtures were added simultaneously to the reaction mixture in four portions. After completion of each monomer addition step, a sample of the reaction mixture was collected and analyzed by ^1^H NMR spectroscopy and gel‐permeation chromatography. The ^1^H NMR spectroscopic analysis revealed that the relative intensity of ether (C[H]{.ul} ~3~, *δ*=1.10 ppm), ether carbonate (C[H]{.ul} ~3~, *δ*=1.25 ppm), allyl (C[H]{.ul}, *δ*=5.9 ppm), and maleate (C[H]{.ul}, *δ*=6.3 ppm) moieties increased simultaneously after each monomer addition step (Figure [3](#anie201509249-fig-0003){ref-type="fig"} b, ii--v).[23](#anie201509249-bib-0023){ref-type="ref"} These results are fully consistent with the AXA triblock structure of polyunsaturated poly(ether carbonate) **4′** and statistical incorporation of the four monomers CO~2~, PO, MA, and AGE into block A.

The molecular weight (of the polymer chains in **3 c′′** determined by gel‐permeation chromatography increased stepwise from 1.5 (corresponding to the starter block) to 2.1, 3.0, 3.9, and 5.0 kg mol^−1^ after stepwise addition of the monomer mixture (Figure [4](#anie201509249-fig-0004){ref-type="fig"}). The molecular weights in the oligomer range, which correspond well with the respective expected molecular weights (2.0, 2.8, 3.7, and 4.5 kg mol^−1^, assuming 13.1 wt % incorporated CO~2~ and systematic error through use of an external reference), and the narrow PDI of 1.06--1.27, indicate that the molecular weight was indeed regulated by the diol starter. This is in excellent agreement with the concept of immortal polymerization. Furthermore, the controlled stepwise growth of the polymer chains and the option to restart the reaction provide strong evidence that the DMC‐catalyzed polymerization follows an immortal polymerization mechanism.

![GPC traces for polyunsaturated poly(ether carbonate) **3 c′′** after steps i--v (see Figure [3](#anie201509249-fig-0003){ref-type="fig"} a, left and caption).](ANIE-55-5591-g004){#anie201509249-fig-0004}

The polyunsaturated poly(ether carbonate)s **3 a**--**c** and **4** are colorless liquids with a low viscosity (from 17.0 to 22.0 Pa s).[23](#anie201509249-bib-0023){ref-type="ref"} The viscosity increased slightly as the content of carbonate linkages increased, consistent with the incorporation of less flexible carbonate moieties into the polymer backbone. Likewise, a low glass transition temperature of −43.1 to −47.4 °C is characteristic of the soft segments formed by the ether moieties in the backbone polymer.[23](#anie201509249-bib-0023){ref-type="ref"}

The low viscosity and the low glass transition temperature of these polyunsaturated poly(ether carbonate)s make them ideally suited prepolymers for further processing. To prepare a poly(ether carbonate) film, the double bonds of the polyunsaturated poly(ether carbonate)s were cross‐linked by UV‐initiated curing. A sample of polyunsaturated poly(ether carbonate) **3 a** was mixed with dibenzoyl peroxide as a photoinitator (PI), and the time‐dependent viscoelastic behavior during curing was monitored with a rheometer under isothermal and low shear conditions (40 °C, 1 Hz, 10 % shear). Upon exposure to UV light (*λ*=300--500 nm, *I* ~UV~=22.5 W c^−2^), the storage modulus (G′), which was initially lower than the loss modulus (G′′), and consistent with the liquid state of the poly(ether carbonate), started to increase after 3.6 min (*t* ~onset~; Figure [5](#anie201509249-fig-0005){ref-type="fig"}). The onset of the curing process is characteristic of the formation of a three‐dimensional network through cross‐linking of the polymer chains by free‐radical polymerization of the double bonds. The gel time (*t* ~g~), at which G′ and G′′ are equal,[24](#anie201509249-bib-0024){ref-type="ref"} was attained after 9.3 min. The final value of G′ was higher than that of G′′ of poly(ether carbonate) **3 a**, thus confirming the successful cross‐linking of poly(ether carbonate) **3 a**. Similarly, the cross‐linking of the polyunsaturated poly(ether carbonate)s **3 b** and **3 c** revealed the onset of the curing process after 2.8 min and 1.2 min, respectively. The respective gel points were achieved after 6.6 and 5.3 min. Thus, the greater the number of double bonds in the poly(ether carbonate), the faster the curing. For the actual application of the material, the curing time can be readily adjusted by tailoring the intensity of the UV light, the concentration of the initiator, and the temperature.[24](#anie201509249-bib-0024){ref-type="ref"}

![Influence of double‐bond loading on the viscoelastic behavior of the polyunsaturated poly(ether carbonate)s **3 a**--**c** during irradiation with UV light.](ANIE-55-5591-g005){#anie201509249-fig-0005}

The importance of the concurrent presence of maleate and allyl groups with electron‐acceptor and electron‐donor properties was explored in a set of reference experiments. No change in the values of G′ and G′′ was observed upon irradiation of polyunsaturated poly(ether carbonate) **5**, which contains only maleate groups (6 mol %), with UV light for 60 min under otherwise identical reaction conditions.[23](#anie201509249-bib-0023){ref-type="ref"} Similarly, irradiation of polyunsaturated poly(ether carbonate) **6**, which contains only allyl moieties (6 mol %), with UV light did not give rise to curing. In contrast, the gel point with a mixture of polyunsaturated poly(ether carbonate)s **5** and **6** at a ratio of 1:1 was reached within 6 min. Thus, the presence of both electron‐acceptor and electron‐donor moieties is essential for the facile cross‐linking of the polymer chains. This is consistent with the formation of electron donor/acceptor complexes by the partial transfer of a π electron from the allyl moiety to the π orbital of the maleate group, which initiates the cross‐linking of the polymer chains. Furthermore, the propagating species is most likely an electron donor/acceptor complex rather than a discrete allyl or maleate moiety.[25](#anie201509249-bib-0025){ref-type="ref"} The rate of a diffusion‐controlled reaction of the double bonds, without prior formation of donor/acceptor complexes, would decrease significantly as the viscosity of the medium increases during curing.

The curing of polyunsaturated poly(ether carbonate) **3 c** was compared with that of **4** to study the influence of the polymer architecture on the viscoelastic behavior. Compared to **3 c** with an ABXBA multiblock structure (*t* ~g~=5.3 min; Table [2](#anie201509249-tbl-0002){ref-type="table-wrap"}, entry 3), the gel time was much shorter for **4** with an AXA triblock structure (*t* ~g~=4.3 min; Table [2](#anie201509249-tbl-0002){ref-type="table-wrap"}, entry 4). The faster curing of polyunsaturated poly(ether carbonate) **4** is attributed to the better local dispersion of the electron‐acceptor and electron‐donor double bonds, which facilitates an efficient cross‐linking of the polymer chains.

###### 

Concentration of unsaturated moieties in poly(ether carbonate)s **3 a**--**c**, **4**--**6** and viscoelastic behavior upon exposure to UV light.

  Entry   Sample          Unsaturated moieties^\[a\]^   *t* ~onset~ ^\[b\]^   *t* ~g~ ^\[b\]^   G′~12min~   
  ------- --------------- ----------------------------- --------------------- ----------------- ----------- ------
  1       **3 a**         1.6                           1.4                   3.6               9.3         0.4
  2       **3 b**         3.3                           2.8                   2.8               6.6         5.8
  3       **3 c**         5.9                           5.9                   1.2               5.3         18.8
  4       **4**           6.0                           5.8                   0.8               4.3         41.8
  5       **5**           6.0                           --                    \>60              n.o.        n.o.
  6       **6**           --                            6.0                   \>60              n.o.        n.o.
  7       **5** + **6**   3.0                           3.0                   2.0               6           6.0

\[a\] Determined by ^1^H NMR spectroscopy. \[b\] 40 °C, determined with a rheometer equipped with a plate--plate measuring system; *t* ~onset~=curing onset, *t* ~g~=gel time; G′~12min~=storage modulus after 12 min exposure to UV light; n.o. not observed.
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To explore the effect of the cross‐linking density on the hardness of the film, the value of the storage modulus G′ of the polyunsaturated poly(ether carbonate)s **3 a**--**c** was compared after exposure of the sample to UV light for 12 min (Figure [5](#anie201509249-fig-0005){ref-type="fig"} and Table [2](#anie201509249-tbl-0002){ref-type="table-wrap"}, entries 1--3). The storage modulus G′ of the cross‐linked film increased as the number of double bonds in the polymer chains increased. Furthermore, the hardened material was noticeably more rigid as the number of double bonds of the polyol and, thus, the density of cross‐linking increased. Compared to a film prepared with poly(ether carbonate) **3 c**, the film prepared with poly(ether carbonate) **4** (Table [2](#anie201509249-tbl-0002){ref-type="table-wrap"}, entry 4) was much harder and had a significantly higher storage modulus G′ (18.8 versus 41.8 kPa). Similar to the shorter gel time, this increased hardness of the film prepared with poly(ether carbonate) **4** is attributed to the AXA architecture, which allows for better dispersion of the cross‐linking points. The values of the storage modulus of the cured films are ideal for the application of these materials as soft coatings[24](#anie201509249-bib-0024){ref-type="ref"}, [26](#anie201509249-bib-0026){ref-type="ref"} which feel warm to the touch.

In conclusion, the synthesis of transparent films from CO~2~‐based, environmentally sustainable, polyunsaturated poly(ether carbonate)s was achieved by the DMC‐catalyzed multicomponent polymerization of CO~2~ with propylene oxide, maleic anhydride, and allyl glycidyl ether. Although characterized by divergent functional groups, the polyunsaturated poly(ether carbonate)s showed remarkable stability, both during and after polymerization, which is highly desirable for the preparation of advanced materials and for subsequent applications. Specific incorporation of unsaturated co‐monomers along the poly(ether carbonate) backbone led to tailored polyunsaturated poly(ether carbonate)s with clearly defined compositions and architectures. The sequential addition of the co‐monomers resulted in polyunsaturated poly(ether carbonate)s with an ABXBA multiblock structure; the simultaneous addition of maleic anhydride and allyl glycidyl ether led to polyunsaturated poly(ether carbonate)s with an AXA triblock structure. This enables the adjustment of the physicochemical and macroscopic properties, such as viscosity, gel time, and hardness. This novel method will be promising for the synthesis of advanced sustainable materials.
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